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Extraction Efficiency of
Extracellular MRI Contrast
Agents and Its Model-Dependent
Effects on Estimates of Myocardial Blood Flow
In their recent study, Cullen et al. (1) report on the highly relevant
determination of a perfusion reserve index with magnetic reso-
nance imaging (MRI) in patients with coronary artery disease.
Without wanting to detract from the fact that theirs is a valuable
study, we take issue with the negative appraisal of first-pass
imaging with rapid bolus injections.
Based on numerous studies with extravascular and intravascular
MRI contrast agents it has been shown that the best sensitivity to
changes in myocardial blood flow is observed with a rapid bolus
injection and imaging during the initial wash-in of contrast agent
(2). The investigators suggest that a slower injection and a
correspondingly lower temporal resolution (the authors report
acquisition of an image every six heart beats) are of practical
advantage. In fact, this forces them to determine blood flow
indirectly with the Kety model by measuring the product of
extraction efficiency (E) and myocardial blood flow (F) and to
assume that the extraction efficiency is unchanged for different
pathologies. The Kety model is most suitable for modeling the
kinetics of freely diffusible tracers because the extraction efficiency
can then be set to unity. For extracellular MRI contrast agents such
as Gd-DTPA, which are barrier-limited, the assumption that the
extraction remains constant is controversial. Several investigators
have shown that E varies with flow, and between normal and
ischemic/reperfused myocardium by as much as 100% (3,4). Data
by Watson et al. (5) comparing the FE product with blood flows
measured by positron emission tomography (PET) show that at
low flows the FE product is rather insensitive to changes in flow.
Furthermore, E is generally not constant during distribution of a
tracer, and the choice of an E value is by no means unambiguous.
The fact that the reported values of the perfusion reserve index,
calculated with the assumption of a constant E, agree in normal
healthy volunteers with previous PET studies is not sufficient to
validate the application of the Kety model in patients.
Although Cullen et al. (1) describe their MRI measurements as
first-pass studies, this does not seem to be appropriate when
images are acquired every six heart beats. In fact, the Kety model
may not fit well with data acquired in a true first-pass study owing
to the initially low extraction of contrast agent during wash-in.
The authors’ criticism (p. 1391) of previous first-pass studies (6)
because of use of a fast bolus injection is misleading. The perfusion
reserve estimate obtained in patients with microvascular dysfunc-
tion with such MRI first-pass studies was validated by comparison
to the coronary flow reserve (6). It remains to be shown that a
perfusion reserve index derived with the Kety model corresponds
under different pathophysiological conditions to the myocardial
blood flow reserve. In our opinion the first-pass technique is
preferred to determine myocardial blood flow and the myocardial
blood flow reserve.
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REPLY
I would like to respond to several issues raised by the letter of
Jerosch-Herold et al. First, I do not purport that a lower temporal
resolution of an image every six heart beats used in our study (1)
confers an advantage. This is a clear compromise between having
more slices and less data points on the first-pass transit curves,
which was necessitated by the hardware constraints we had at the
inception of this study. Although the use of an inversion-recovery
sequence results in relatively prolonged image acquisition times
even with the fastest magnetic resonance imaging (MRI) scanners,
the images are stable and of good quality for analysis. This is in
contrast to the saturation-recovery sequences used by Jerosch-
Herold (2), which may allow more of the heart to be imaged in less
time but in which the images are often of poor quality and subject
to artefacts. However, the slower injection technique used in our
study is an advantage over the power injections into the right
subclavian vein reported in other studies (2); this is because a
relatively invasive subclavian line is needed, which is less attractive
for patient and operator. Also, a power injector is required, which
is safe with magnetic fields and correspondingly expensive, whereas
our technique can be administered manually through a peripheral
vein.
Second, the question of whether the extraction efficiency (E)
remains constant or varies with myocardial flow (F) is controversial
and as yet remains a subject for further research. In support of
using the EF product (K1) for estimating flow, a recent study by
Vallee et al. (3) in a canine occluded coronary artery model
demonstrated that F measured with microspheres had a linear fit to
K1 for Gd-DTPA, (r 5 0.88). However, as the behavior of E is
uncertain at differing flow rates, the term “myocardial perfusion
307JACC Vol. 36, No. 1, 2000 Letters to the Editor
July 2000:299–309
reserve index” was used in our study for the ratio of K1 during
stress to K1 at rest.
Finally, the first-pass studies used by Jerosch-Herold’s team
have yielded impressive results when compared with coronary flow
reserve measurements using Doppler wires (2). In truth, the best
comparison would be to compare the nutritive perfusion measure-
ments obtained with positron emission tomography (PET), be-
cause coronary flow reserve and regional nutritive perfusion can
differ. Nevertheless, although technically demanding, their first-
pass technique looks promising, particularly if the imaging artefact
problems are overcome and validation against PET can be achieved.
The Kety model approach needs further research, but it may prove to
have some advantages for the reasons already outlined.
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Explaining the Race Paradox of
Coronary Calcium Prevalence and Survival
Doherty et al. (1) report on the apparently paradoxical observation
that, in a cohort of asymptomatic adults, baseline prevalence of
coronary calcium was lower in blacks than in whites, whereas
blacks suffered a greater number of events over the follow-up.
According to the investigators, these findings indicate that coro-
nary calcium has a “different pathobiologic significance in blacks
and whites.”
In fact, rather than surprising, these findings are quite consistent
with a very fundamental epidemiologic principle that relates to the
approximate relationship between prevalence (P) and incidence (I):
P < I 3 D
where D is the duration (survival) after disease onset.
Thus, the prevalence ratio obtained in a cross-sectional study
(e.g., their baseline examination) will have the following approxi-
mate relationship with the incidence ratio (relative risk):
Pblacks
Pwhites
<
Iblacks
Iwhites
3
Dblacks
Dwhites
If the duration in blacks and whites is not equal, the prevalence
ratio will be a biased estimate of the incidence ratio, the so-called
prevalence-incidence bias inherent to many cross-sectional studies
(2). The substantially higher co-morbidities, levels of risk factors,
and lower access to health care treatment and preventive practices
may determine that survival after onset of coronary artery disease is
shorter in blacks than in whites, that is what Doherty and
co-workers found in their prospective analysis (1). Thus, Dblacks ,
Dwhites and this may explain why the observed prevalence of
coronary calcium is lower in blacks (i.e., Pblacks/Pwhites) even if
their risk (incidence) of coronary disease is higher (see also Fig. 1).
The findings by Doherty et al. are analogous to an earlier survey
showing that tuberculosis was less prevalent in American blacks
than in whites (3). Was this an indication of blacks having lower
risk of tuberculosis? As subsequent prospective studies demon-
strated (3), tuberculosis incidence was indeed much higher in
blacks, while their case-fatality rate was also higher. Thus, the
earlier baseline finding was simply a product of the incidence-
prevalence bias.
Large prospective studies of the natural history and progression
of subclinical atherosclerosis in different ethnic groups, such as the
ongoing Multi-Ethnic Study of Atherosclerosis (MESA), will
provide answers to some of these questions. In the meantime,
however, caution should be taken in interpreting complex racial/
ethnic differences as “biological” simply because an observed
difference persisted after adjustment for standard risk factors
and/or surrogates of socioeconomic status. Residual confounding
stemming from imperfect or incomplete adjustment (e.g., imper-
fect measures of socioeconomic status) is an important limitation.
In addition, as discussed in numerous publications (4–6), the use
of the biological construct “race” defined solely on the basis of skin
color is of questionable validity. The marked genetic heterogeneity
within groups such as “blacks,” “whites,” or “Hispanics” explains
why this practice has been abandoned by anthropologists, even
though biomedical scientists persist in ignoring these calls for
caution.
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Figure 1. Hypothetical diagram illustrating prevalence-incidence bias.
Each horizontal bar corresponds to an incidence case, and its length
represents the duration (survival) after disease onset. Incidence is higher in
blacks than in whites (ratio 4/3). However, because duration is shorter, a
cross-sectional study results in lower prevalence in blacks (ratio 1/2).
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